Chemical reactions that provide amplified biodetection signals are essential in point-of-care diagnostics, a category of portable biosensors that should detect nanomolar to attomolar concentrations of clinically actionable biomarkers in bodily fluids without using advanced lab equipment. As an alternative to common signal amplification methods that use enzymes or nanoparticles, radical polymerization has been explored as an approach to sensitive biodetection because of the inherent amplification in the chain-growth process. Polymerization-based biodetection benefits from different types of initiation reactions and a wide variety of monomer choices, making it adaptable to diverse sensing conditions and detection methods. This review presents the many radical polymerization chemistries that have been implemented in biodetection platforms and evaluates their utility. First, we describe the principle of each polymerization-based biodetection and discuss its advantages and current limitations for practical use in the field. Then, we compare all of the methods in terms of performance, equipment-dependence, userfriendliness, and amplification time. Finally, we highlight exciting future directions and opportunities for developing practical biosensors that use radical polymerization reactions to generate signals. † Electronic supplementary information (ESI) available. See
Introduction
Biosensors are analytical devices that specifically capture target biomolecules in complex fluids using bioreceptors, often nucleic acids and proteins, and transduce these molecular recognition events to observable signals. The She advises a team of researchers in the application of physical principles to design, synthesize, characterize and test molecules for utility in detecting and understanding disease. Hadley earned degrees in chemistry, a BS at Tulane University and a PhD at Stanford University, and trained as a postdoctoral scholar in chemical engineering at the University of Colorado, Boulder, and at the California Institute of Technology prior to joining the faculty at MIT. be directly produced from the biorecognition events by using label-free methods such as surface plasmon resonance (SPR), 1 quartz-crystal microbalance (QCM), 2 and surface-enhanced Raman scattering (SERS), 3 or can be transduced indirectly by using detection probes conjugated with labels, including fluorophores, nanoparticles, and catalysts. [4] [5] [6] [7] [8] One major application of biosensors is point-of-care diagnostics, where the portable biosensors detect disease-related biomarkers in bodily fluids near patients. [9] [10] [11] In this setting, the biosensors should perform accurate and rapid biodetection without any help of sophisticated equipment in centralized laboratory. However, the concentrations of disease biomarkers in bodily fluids range from nanomolar (nM) to attomolar (aM), 12 so it is very challenging to detect the signals from the small number of biorecognition events without the highly sensitive detectors.
Alternatively, signals generated from the specific binding events can be amplified to enhance the sensitivity of biodetection. 13 One approach is to couple molecular recognition events with enzymes or nanocatalysts that can catalytically convert multiple substrates to signaling molecules. For example, horseradish peroxidase (HRP)-conjugated detection probes are immobilized to where the target biomolecules are specifically captured. Then, an excess amount of substrate is added to the enzyme-functionalized test zone, and converted to colored, fluorescent, or chemiluminescent products, amplifying biodetection signals. Another signal amplification strategy is to increase the number of labels. Isothermal nucleic acid amplification techniques such as rolling circle amplification (RCA) can replicate specific nucleic acid sequence. By attaching this specific nucleic acid sequence to the detection probe, the presence of target biomolecules can be detected by replicating the sequence via RCA and hybridizing multiple fluorescently labeled complementary DNA sequences. 14 Recently, radical polymerization has been explored as an alternative signal amplification tool in biodetection. The amplification results from chain-growth polymerization, in which one radical species reacts with hundreds to millions of monomers to generate a polymer. To couple this chain-growth polymerization with molecular recognition events, the essential components in each polymerization chemistry, such as initiators, chain transfer agents, or catalysts, are covalently bonded to a nucleic acid or protein detection probe, which recognizes a captured biomolecule. These labels are involved in either initiation or propagation, so polymers can be generated only in the presence of specific binding events. In addition to the inherent amplification of radical polymerization, different types of initiation reactions and a wide variety of monomer choices enable the polymerization-based biodetection to be versatile technique in terms of sensing conditions and detection methods.
Polymerization-based biodetection has been demonstrated with various polymerization chemistries, including atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT) polymerization, redoxinitiated free radical polymerization, and photo-initiated free radical polymerization. Each of these polymerization chem-istries has different characteristics that affect cost, operation conditions, user-friendliness, signal amplification time, and performance of biodetection, all of which are very important criteria for developing affordable, robust, easy-to-use, rapid, sensitive, and specific diagnostic tests. However, there has been no comprehensive review on polymerization-based biodetection that evaluates the nature of each polymerization chemistry from the practical point-of-view. Biodetection with specific polymerization methods such as ATRP, enzymemediated polymerization, and photo-initiated polymerization has been reviewed, [15] [16] [17] [18] providing an overview of sensitive biodetection using each polymerization chemistry. The previous review paper 19 from our group compared photo-initiated free radical polymerization with other methods including ATRP, RAFT polymerization, and enzyme-mediated free radical polymerization as a signal amplification tool for biodetection and highlighted their relative merits, although not comprehensively. Thus, we hope this present review can evaluate and compare all of the radical polymerization chemistries that have been implemented in biosensing applications, helping to move polymerization-based biodetection towards real-world applications.
In this review, we consider various types of ATRP and RAFT polymerization, redox-initiated free radical polymerization, and photo-initiated free radical polymerization as signal amplification methods for biodetection. For each type of radical polymerization, we present the principle and nature of the method, describe its key applications in biodetection and numerous strategies to improve the biosensing performance, and discuss its advantages and limitations to overcome for practical use in the field. Finally, we compare all polymerizationbased biodetection methods in terms of equipment-dependence, user-friendliness, amplification time, and performance.
Atom transfer radical polymerization (ATRP)

Normal ATRP
Normal atom transfer radical polymerization (ATRP) is one type of reversible-deactivation radical polymerization used in one of the earliest examples of polymerization-based biodetection. It employs initiation and reversible termination of propagating radicals (R−P n • ) through a reversible homolytic halogen transfer between dormant species (R-X or R-P n -X) and a transition metal (usually copper) complex in the lower oxidation state ( Fig. 1A ). 20 The equilibrium of the reversible process favors deactivation of radical species, 21 so ATRP can minimize bimolecular termination and chain transfer in radical polymerization and prolong the lifetime of growing chains into hours or longer. 20 The reversible deactivation in ATRP renders it feasible to amplify biodetection signals by repetitive addition of thousands of monomer units to one initiator immobilized on the spot where target biomolecules are captured. He and coworkers first demonstrated that normal ATRP could amplify the biodetection signals of DNA ( Fig. 1B ). 22 In this method, DNA hybridization and ligation reactions resulted in the immobilization of ATRP initiator-coupled oligonucleotides on a solid surface where 100 nM of target DNA recognized complementary capture DNA (C). Subsequently, these initiators were activated upon the addition of the ATRP monomer solution including 2-hydroxyethyl methacrylate (HEMA), CuCl, CuBr 2 , and 2,2′-bipyridyl (bpy), triggering the polymerization. Here, the monomer solution and initiator-functionalized surface were purged with argon because the activator, Cu I /L, could be oxidized by oxygen, and CuBr 2 was added as a deactivator to ensure the formation of thick film by controlling the radical production rate and minimizing radical-radical termination. After the 5 h ATRP reaction, the growth of poly(2-hydroxyethyl methacrylate) (PHEMA) changed the surface opacity, making spots with target DNA distinguishable to the naked eye. To further improve the sensitivity of the DNA detection, He and coworkers devised a second ATRP reaction to form branched polymers on the spots with target DNA. Specifically, a polymeric anchor layer (PHEMA) was formed in the first 30-minute ATRP, followed by coupling of additional 2-bromoisobutyryl bromide initiators to the hydroxyl groups on the side chains of PHEMA for 20 minutes. Then, the second ATRP grafted polymer brushes from the new initiators for another 30 minutes, drastically improving the visibility of DNA hybridization in much shorter time (1 h). Using this method, 1 nM of target DNA could be readily detected with the naked eye, and there was no interference from one-base-mismatch and threebase-mismatch DNA sequences.
In addition to opacity change resulted from polymer film, normal ATRP can induce color change upon biodetection. One method is to incorporate ATRP-based biodetection into gold nanoparticle-based aggregation assays as demonstrated by He and coworkers (Fig. 1C ). 23 In this approach, core-shell gold nanoparticles were formed upon DNA hybridization so that only gold nanoparticles without polymer shell could aggregate, inducing color change from red to blue. Specifically, ATRP initiator-coupled oligonucleotides were immobilized on gold nanoparticles only when target DNA was captured on the nanoparticles. In a purged monomer solution, the ATRP initiators caused polymerization to form polymer shell that could prevent aggregation of nanoparticles with target DNA. The nanoparticle without ATRP initiators, on the other hand, aggregated during ATRP step because of strong binding interactions between transition metal divalent ions, such as Cu II , and phosphate groups of DNA. The demonstration of colorimetric detection of 1 μM target DNA showed drastic color difference between positive (red) and negative (blue) samples, but detection limit of the colorimetric DNA assay was not reported. Similar ATRP-based colorimetric biodetection method was extended to immunosensing by Liu and coworkers. 24 In their approach, ATRP initiator-coupled antirabbit antibodies were immobilized on gold nanoparticles when rabbit antibodies presented in the sample. Subsequently, polymerization of HEMA was carried out with CuBr and bpy as the ATRP catalyst to form polymer shell on ATRP-immobilized gold nanoparticles and prevent aggregation of the nanoparticles. At optimal conditions, the signal intensity from UV-Vis spectrophotometer was proportional to log scale of rabbit IgG concentration within the range of 3.3-166.7 pM, and the calculated detection limit was 0.2 pM.
As shown in above examples, normal ATRP could amplify biodetection signals by adding thousands of monomer units to immobilized initiator. However, many limitations have made this basic type of ATRP not feasible for practical use in the field. First, normal ATRP requires a few hours to form thick polymer film for sensitive biodetection because predominant deactivation reduces the rate of propagation. The fast reversible deactivation of active radical species in ATRP ensures high turnover number (the total number of monomers polymerized per total number of initiators), but it takes a long time to achieve it. Second, normal ATRP is not tolerant to oxygen because oxygen can scavenge the activator, Cu I , and slow down the polymerization. 20 Thus, the polymerization should be conducted under inert gas, which hinders the practical use of normal ATRP-based biodetection under atmospheric condition. Lastly, copper-based catalyst can cause high background noise in ellipsometric and colorimetric measure- ments because copper ions can be adsorbed to negatively charged molecules, such as DNA, reducing the sensitivity of biodetection. 22, 23, 25, 26 2.2 Activator generated by electron transfer ATRP (AGET ATRP)
Activator generated by electron transfer (AGET) ATRP is an oxygen-tolerant ATRP, in which reducing agents, such as ascorbic acid, remove oxygen in situ by reducing oxidatively stable Cu II complex to generate active catalyst, Cu I ( Fig. 2A) . 27, 28 Compared to other radical initiator-based approaches, such as reverse ATRP, simultaneous reverse and normal initiation (SR&NI) ATRP, and initiators for continuous activator regeneration (ICAR) ATRP, where free radicals reduce Cu II complexes to active Cu I complexes, AGET ATRP is not subject to non-specific free radical polymerization because it employs a reducing agent that does not form free radicals. 29 The high specificity to alkyl halide initiator and oxygen-tolerance of AGET ATRP allows sensitive biodetection without purging monomer solutions. 29, 30 He and coworkers first reported that the purge-free ATRP could amplify the biodetection signals upon DNA hybridization 29 although it was a model half-sandwich assay where one-step binding events immobilized initiator-coupled target DNA. In this method, the hybridization of initiator-coupled single stranded DNA (ssDNA) with gold surface-immobilized peptide nucleic acid (PNA) resulted in the attachment of ATRP initiators to the surface. Subsequently, this initiator-immobilized surface was immersed into aqueous HEMA solution containing CuCl 2 and tris(2-pyridylmethyl)amine (TPMA), which was the ligand that formed reasonably stable, but still reactive transition metal complexes. Polymerization was conducted at room temperature for 2 h in the sealed reaction vial immediately after addition of ascorbic acid. After thoroughly rinsing the surface with DMSO and methanol, the thickness of polymer film was measured by ellipsometry. There was a linear correlation between the film thickness and the amount of initiatorcoupled ssDNA with a dynamic range over 10 nM-1 μM, achieving comparable limit of detection (≈0.2 pmol) to normal ATRP-based DNA detection without secondary amplification. 22 To improve the sensitivity of AGET ATRP-based biodetection, the methods to increase the number of localized ATRPinitiators per captured target biomolecules were proposed. He and coworkers demonstrated the use of polylysine (PLL) as a carrier to localize multiple alkyl halide initiators to surfaceimmobilized PNA/DNA duplexes for additional signal amplification in AGET ATRP-based DNA detection ( Fig. 2B ). 31 In this method, optimization of the number of ATRP initiators and residual amino groups per PLL chain was critical because overmodification could reduce electrostatic interaction of PLL chain with negatively charged captured DNA and accessibility of initiators because of steric hindrance. Furthermore, the ATRP initiator is hydrophobic, so the over-modification could increase non-specific adsorption of the macroinitiator to the gold surface, leading to high background noise. Using macroinitiators with the optimized ratio of ATRP initiators to amino groups, a linear correlation at 1 nM-100 nM DNA and a detection limit of 1 nM, or 3 fmol, were obtained by ellipsometry, which implies approximately 60-fold enhancement in detection limit compared to one-initiator-per-DNA case. 29 For protein detection, however, PLL-based approach is not effective because not all proteins are as strongly negatively charged as DNA. To address this problem, Liu and coworkers demonstrated that the use of dual functional macroinitiators could improve the sensitivity of AGET ATRP-based protein detection. 32 Inspired by dual functional macrophotoinitiators from Bowman group, 33 Liu and coworkers used poly(acrylic acid-co-acrylamide) backbone and modify its side chain with ATRP initiators and streptavidin. The resultant macroinitiator was used to detect biotinylated antibodies immobilized on a gold surface after sandwich immunoassays. Using this macroinitiator, the optimal polymerization time was only ten minutes, which was enough to detect 67 pM human IgG with the naked eye. A linear correlation at 6.7 pM-670 nM human IgG and a detection limit of 0.9 pM were obtained by contact angle measurement. AGET ATRP-based detection of DNA. 31 Peptide nucleic acid (PNA) specifically forms duplex with target DNA (half red and half green), which then captures positively charged polylysine (PLL)-based macroinitiators by electrostatic interactions. The blue chains represent polymers generated by AGET ATRP. (C) AGET ATRP-based detection of protein. 36, 37 AGET ATRP is a standalone method to detect biomolecules, but it can also be coupled with other quantitative biodectection tools such as electrochemical (EC) and electrochemiluminescence (ECL) sensors to enable ultrasensitive biodetection. [34] [35] [36] [37] [38] Expanding on their earlier works, 34, 35 Liu and coworkers demonstrated that various signals tags for EC and ECL-based sensing could be coupled to a great amount of epoxy groups of poly(glycidyl methacrylate) (PGMA) generated by AGET ATRP upon molecular recognition events ( Fig. 2C ). 36, 37 Glycidyl methacrylate (GMA) was chosen for AGET ATRP-based protein detection because of its simple onestep coupling to amino-modified signal tags such as aminoferrocene (FcNH 2 ), horseradish peroxidase (HRP), and 2-(diisopropylamino)ethylamine (DPEA). To couple these signal tags with molecular recognition events, AGET ATRP is carried out on initiator-functionalized solid substrates for 2 h with monomer solution including CuCl 2 , bpy, GMA, and ascorbic acid. After rigorous rinsing with acetone to remove unreacted monomers, the solid substrates are incubated with signal tag solutions for 5-10 h before EC or ECL-based sensing. Using these methods, ultrasensitive detection of clinically relevant antigens such as PSA and CEA was achieved (Table S1 †) although all electrochemical measurements required inert atmosphere, diminishing the advantage of using AGET ATRP.
As can be seen in above examples, AGET ATRP successfully resolved the need for purging the monomer solution with inert gas in ATRP-based biodetection without sacrificing limit of detection in various assays. As a result, it has been used in various biodetection applications to amplify signals from molecular recognition events. However, long polymerization time, limited oxygen tolerance, and non-specifically adsorbed transition metal catalysts have limited the use of AGET ATRP in biodetection. To achieve high sensitivity, the polymerization time is often set as a few hours and coupling of signal tags for EC-and ECL-sensors takes additional few hours. Although the macroinitiator approaches can reduce the polymerization time significantly, large efforts to rapidly remove non-specifically bound macroinitiators should be made to minimize high background noise for ultrasensitive biodetection in a few minutes. Because of its limited oxygen tolerance, AGET ATRP requires sealed reactors to prevent continuous oxygen diffusion from atmosphere into the reaction system. Moreover, rigorous rinsing with organic solvents is required to remove unreacted monomers and residual catalysts for optimal signal-to-noise ratio, which might be inconvenient to end-users.
Electrochemically mediated ATRP (eATRP)
Electrochemically mediated ATRP (eATRP) is an advanced version of oxygen-tolerant ATRP compared to AGET ATRP in that polymerization rate can be readily controlled by electrochemical means. 39 In the eATRP, a targeted fraction of the air stable Cu II complexes are reduced to active Cu I complexes by applying certain applied potential or current instead of using reducing agents such as ascorbic acid in AGET ATRP (Fig. 3A) . 39 The precise control on the ratio of [X-Cu II /L]/[Cu I / L] helps to keep the radical concentration low and suppress the disproportionation of Cu I /L in water, reducing the rate of bimolecular termination and allowing smaller amount of catalyst loading compared to AGET ATRP in aqueous solution. 40 With its well-controlled polymerization process, eATRP recently has been employed to generate electroactively labelled polymers for electrochemical detection of DNA and protein activity in much faster and efficient ways compared to previous methods. [41] [42] [43] Hu and Wang et al. first demonstrated the use of eATRP to polymerize an electroactively labelled monomer, ferrocenylmethyl methacrylate (FMMA) from negatively charged spots of single stranded DNA (ssDNA) captured by PNA on a gold surface ( Fig. 3B ). 41 In their demonstration, the captured DNA was treated with ZrOCl 2 and α-bromophenylacetic acid (BPAA) sequentially to attach the ATRP initiators by using phosphate-Zr 4+ -carboxylate chemistry. From these immobilized initiators, FMMA started to grow through eATRP, where the activator, Cu I /tris(2-dimethylaminoethyl)amine (Me 6 TREN) was generated from Cu II /Me 6 TREN by electroreduction under potentiostatic conditions. It is interesting to note that the activators, Cu I /Me 6 TREN, could be localized at the electrode surface because of electrostatic interaction, significantly enhancing the kinetics of polymerization. In their optimization study, Hu and Wang et al. found that the oxidation current from ferrocene tags increased drastically only during the first 20 minutes of eATRP presumably because of reduced accessibility of initiators as polymerization proceeded. Under optimal conditions including 30 minutes of eATRP time, a linear correlation between the logarithm of target ssDNA concentration and the oxidation current was obtained over 7 orders of magnitude from 0.1 fM to 0.1 nM. The limit of detection was calculated to be 0.072 fM. The improvement in the limit of detection for ssDNA has been achieved by growing silver nanoparticles over the polymers generated by eATRP in the presence of ssDNA ( Fig. 3C ). 44 Sun et al. used glycosyloxyethyl methacrylate (GEMA) as a monomer to localize a large number of polysaccharides to the specifically formed PNA/DNA duplexes via the same phosphate-Zr 4+ -carboxylate chemistry and eATRP as in the previous example. Subsequently, sodium periodate (NaIO 4 ) oxidized the polysaccharides to polymerized aldehydes. Each aldehyde on the polymer chains could reduce silver ion to metallic silver, which further grew by Ostwald ripening. Under optimal conditions including 30 minutes of eATRP, 2 h of NaIO 4 oxidation, and 1 h of silver mirror reaction, a linear correlation between the logarithm of target ssDNA concentration and the oxidation current was obtained over 6 orders of magnitude from 10 aM to 10 pM. The limit of detection was estimated to be 5 aM.
As shown in above examples, the optimized reaction time of eATRP is much shorter than AGET ATRP, which could be because the ratio of [X-Cu II /L]/[Cu I /L] is precisely controlled by electrochemical means and localization of activators to electrode surface can enhance the kinetics of polymerization. Coupled with EC-sensors, eATRP-based biodetection methods showed very promising results with very long dynamic ranges and strikingly low detection limits for DNA detection. However, given that the target DNA has more than 20 phosphate groups on its chain, it is possible that the use of phosphate-Zr 4+ -carboxylate chemistry to immobilize ATRP initiators could lead to this ultrasensitivity. Therefore, it is expected that this novel platform would not provide the same sensitivity for detection of proteins. In addition to its limited applicability, eATRP's cumbersome reaction setup and limited oxygen tolerance should be addressed for its practical use in the field. The setup requires 10 mL aqueous solution including 20 vol% dimethylformamide (DMF) in an electrochemical cell, which can be difficult to handle by non-specialists. Moreover, the cell should not be exposed to air because eATRP is not tolerant to large amount of oxygen diffused from atmosphere. To address these issues, small volume (<100 μL) eATRP has been developed on a screen-printed electrode with enzyme-mediated deoxygenation, but the need for more than 1000 ppm of copper catalyst may diminish the benefits. 45 
Fluorogenic ATRP
Fluorogenic ATRP is a novel approach designed for polymerization-based detection of analytes to eliminate the need for time-and labor-intensive post-modification of polymers with signals tags and any instruments to detect the growth of polymer. 46 Cooley and coworkers synthesized methacrylamide derivatives of polycyclic aromatic hydrocarbon (PAH) such as pyrene, anthracene, and acridine. These fluorogenic monomers were designed to be non-fluorescent until polymerized because of fluorescence quenching by the covalently linked α,β-unsaturated amide, but to recover its fluorescence when the unsaturated bonds participate in polymerization ( Fig. 4A ). Cooley and coworkers used another hydrophilic co-monomer, oligo(ethylene glycol) methyl ether methacrylate (OEGMA), to make the generated polymers water-soluble and prevent selfquenching of the fluorogenic monomers on the chains by inserting gaps between the fluorophores. In the fluorogenic ATRP, activators regenerated by electron transfer (ARGET) ATRP condition 47 with Cu II Br 2 , TPMA, NaCl, and ascorbic acid was used to ensure that the polymerization was compatible with biological environment while using a reduced amount of copper catalyst compared to AGET ATRP. Under this condition, rigorous nitrogen purging of reaction mixture was required, otherwise trace amount of oxygen could lead to high background fluorescence by initiating polymerization without alkyl halide initiators. Using optimal conditions of the fluorogenic ATRP, Cooley and coworkers demonstrated the detection of streptavidin coated magnetic beads in aqueous solution with biotinylated ATRP initiators ( Fig. 4B ). After 24 h of the polymerization at 30°C with the released ATRP initiators that had been specifically captured on the beads, fluorescence analysis indicated that sub-nanomolar detection limit was achieved.
Fluorogenic ATRP is a promising approach to sensitive and easy-to-use biodetection in that the fluorescence signals can be directly proportional to the degree of polymerization and it does not require any modification of resultant polymers with signal tags. However, the current platform needs several improvements to be ready for practical applications. First, the 
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method is not tolerant to oxygen. The current fluorogenic ATRP requires rigorous nitrogen purging to perform the polymerization not only because oxygen can scavenge propagating radicals, but also because a trace amount of oxygen can initiate polymerization even in the absence of initiators, which leads to high background signals. Background signals are undesirable as they limit the sensitivity and responsive range of biodetection assays and can be interpreted as false positive results. Thus, efforts should be made to realize purge-free fluorogenic polymerization. Second, the reaction rates are slow. To enhance the reaction kinetics, increasing temperature to 60°C was proposed, 46 but the high temperature yielded high background signals even with rigorous degassing. Another way to solve this problem would be to synthesize water-soluble fluorogenic monomers. In the current formulation, the molar ratio of hydrophilic co-monomer, OEGMA, to fluorogenic monomers is approximately one thousand to one mainly because of low solubility of fluorogenic monomers in aqueous solution. Thus, strategies to design more hydrophilic fluorogenic monomers would be a promising future direction to improve the reaction kinetics by increasing the concentration of fluorogenic monomers in the reaction mixture.
Biocatalytic ATRP
Biocatalytic ATRP has been developed as a greener alternative to conventional ATRP. Conventional ATRP requires transition metal catalysts, often copper-based catalysts, which are toxic and difficult to remove from polymer products. 48 In biocatalytic ATRP, the metal catalysts are replaced by metalloproteins, which have metal-containing active sites buried in their protein domains, allowing synthesis of metal-free polymers with controlled molecular weights. [49] [50] [51] [52] [53] [54] Moreover, biocatalytic ATRP with iron-containing proteins and bioinspired ironbased catalysts is especially advantageous to synthesize polymers for biological applications because iron has low toxicity and high biocompatibility compared to copper. 55 In addition to synthetic applications, biocatalytic ATRP can be used to detect clinically relevant biocatalysts via polymerization-based signal amplification. Bruns and coworkers recently proposed a new method to diagnose malaria using hemozoincatalyzed ATRP (Fig. 5 ). 56 Hemozoin is a biocrystal that consists of centrosymmetric μ-propionate dimers of heme. It is a powerful biomarker for malaria because hemozoin is generated during the digestion of hemoglobin by malaria parasites regardless of erythrocyte stages and type of Plasmodium species. 57, 58 Bruns and coworkers discovered that hemozoin could catalyze the polymerization of N-isopropylacrylamide (NIPAAm) with alkyl halide initiators presumably through an ATRP mechanism. 56 Using this principle, they designed an assay to detect malaria parasites using precipitation of poly(Nisopropylacrylamide) (PNIPAAm) at 37°C above its lower critical solution temperature (32°C). In this assay, intact malaria parasites including hemozoin, hemoglobin, and free heme were isolated from blood samples spiked with varying amounts of P. falciparum-infected red blood cells (iRBCs) and were solubilized in basic solution ( pH 13). Then, the solubil-ized biocatalysts were added to buffered monomer solution (final pH 6.9). Under the ARGET ATRP conditions, the rate of turbidity increase was proportional to the amount of iRBCs in blood and the detection limit was 9.7 iRBCs per μL, which corresponds to 4.7 nM hemozoin. 56 Furthermore, the stability of each reagent was investigated for two months at 50°C, showing no decrease in reactivity.
Given that hemoglobin itself can catalyze ATRP, Bruns and coworkers also demonstrated the use of hemoglobin-catalyzed precipitation polymerization to quantify the amount of hemoglobin in biological fluids. 59 In this method, the polymerization conditions were the same as the hemozoin-catalyzed ATRP 56 except that sample preparation method and buffer pH were slightly different. The dose-response curve between logarithmic hemoglobin concentration and the rate of turbidity increase showed that the rate of turbidity increase was positively correlated with the concentration of hemoglobin although the rate reached a plateau at high concentration. 59 According to authors, the plateau could appear likely because hemoglobin precipitated with PNIPAAm as polymerization proceeded. At low hemoglobin concentrations, the detection limit was 100 nM in buffer solution. In blood plasma and urine, on the other hand, the detection limit increased to 7.6 μM and 2.6 μM respectively, implying that the radical precipitation polymerization was affected by proteins and other biomolecules in the physiological fluids.
Biocatalytic ATRP is a new approach to detection of specific biomarkers with catalytic activity. As demonstrated by Bruns and coworkers, the biocatalyzed precipitation polymerization is a promising technology for point-of-care malaria 56 and hemoglobin 59 tests given that all reagents are stable during long-term storage at 50°C and the method induces extinction changes depending on the concentration of biocatalysts. Although there are still many problems to be addressed for practical applications such as time-and labor-intensive isolation of the biocatalysts from blood samples and background polymerization, it is envisaged that more user-friendly methods for the isolation steps and more controlled polymerization with decreased background signals can be developed and additional clinically relevant biocatalysts may be identified.
Reversible addition-fragmentation chain transfer (RAFT) polymerization
Thermally initiated RAFT polymerization
Reversible addition-fragmentation chain transfer (RAFT) polymerization is another type of reversible-deactivation radical polymerization explored for polymerization-based biodetection to address several limitations of ATRP and broaden the biodetection platforms based on polymerization. The main problem in ATRP is the use of transition metal (usually copper) complexes. Non-specific adsorption of metal ions to surface-bound DNA molecules can lead to undesirable background polymerization that is not related to the target, and the toxicity of transition metal complexes could potentially limit the use of ATRP in future biomedical applications. 25, 26 RAFT polymerization, on the other hand, employs a fast reversible transfer of chain transfer agents (CTA), typically a thiocarbonylthio group (Z-C(vS)S-R), between propagating radicals and dormant species (Z-C(vS)S-R or Z-C(vS)S-P n ) to prolong the lifetime of growing chains (Fig. 6A) . 60, 61 This metal-free polymerization chemistry could make RAFT an alternative to ATRP in broader biosensing applications. Thermally initiated RAFT polymerization has been employed in visual DNA sensing platforms, achieving lower background signals and more sensitive biodetection than ATRP-based methods. 25, 62 He and coworkers pioneered the use of surface-initiated RAFT to amplify biodetection signals upon DNA hybridization (Fig. 6B ). 25 In this method, CTA-conjugated detection probe was designed to be immobilized on the gold surface where the target DNAs were specifically hybridized to a capture probe, C. After 1 h of ligation, a nitrogen-purged aqueous monomer solution including OEGMA and azobisisobutyronitrile (AIBN) was added to the CTA-functionalized gold surface in a glass container. Thermal initiation at mild temperature (30°C) allowed polymerization to occur although the initiation would be slow because AIBN has high decomposition temperature (64°C) for 10 h half-life. With 1 μM of the target DNA, RAFT could generate a much thicker POEGMA film (≈80 nm) in two hours than the 15 nm film generated after 5 h using ATRP. As expected from the prolonged lifetime of growing chains in RAFT, a longer polymerization time (5 h) yielded much thicker film (≈200 nm) in the presence of 1 μM of the target DNA. A linear correlation between logarithmic DNA concentration and film thickness was demonstrated in the range 1 fM-1 μM while allowing even 1 fM target DNA to be easily detected by the naked eye.
In addition to enabling visual biodetection, thermally initiated RAFT polymerization has been proposed as an alternative signal amplification strategy to ATRP for electrochemical biosensors. 63, 64 RAFT can reduce background signals from non-specific deposition of transition metals on electrodes, which may interfere with electrochemical measurements. Niu and coworkers demonstrated that thermally initiated RAFT polymerization could be exploited as a novel signal- 
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amplifying tool for sensitive electrochemical detection of DNA (Fig. 6C ). 63 Specifically, target DNA was captured by PNA on a gold electrode, and the PNA/DNA duplexes were treated with ZrOCl 2 and 4-cyano-4-( phenylcarbonothioylthio)pentanoic acid (CPAD) sequentially to attach the CTA by using phosphate-Zr 4+ -carboxylate chemistry. The CTA-functionalized substrate was soaked in a purged monomer solution containing ferrocenylmethyl methacrylate (FcMMA) and 2,2′-azobis[2-(2imidazolin-2-yl)propane] dihydrochloride (VA-044), which is selected as a thermal initiator because of its good water solubility and low decomposition temperature (44°C) for 10 h halflife. After the 1.5 h RAFT polymerization at 47°C, it was found that a greater extent of polymer-grafting to the electrode surface was observed than that obtained after eATRP. Under optimal conditions, the peak current was linearly correlated with the logarithmic DNA concentration over the range from 10 aM to 10 pM, and the detection limit was calculated to be 3.2 aM. This detection limit is approximately 20-fold more sensitive than a similar electrochemical biodetection platform amplified by eATRP. 41 In light of these examples, RAFT polymerization is advantageous for sensitive biodetection compared to ATRP because it prevents interference from non-specifically bound metal complexes in signal analysis. However, the fact that thermally initiated RAFT requires high temperature and oxygen-free environment for rapid and effective initiation may limit its use in biodetection applications. To address these problems, enzyme-mediated deoxygenation 65 or mild oxygen-tolerant initiation methods such as photoinduced electron/energy transfer (PET)-RAFT 66 could be useful.
Electrochemically mediated RAFT (eRAFT) polymerization
Electrochemically mediated RAFT (eRAFT) polymerization has been recently explored in biosensing applications as an alternative to thermally initiated RAFT, which requires heating and temperature control during the polymerization. In eRAFT polymerization, electrical means such as applied potential or current enable the controlled production of radicals by reducing diazonium salts such as 4-bromobenzenediazonium (BrPhN 2 + ) without affecting CTAs, 67 so the polymerization can occur at ambient temperature. This mild reaction condition of eRAFT allows more convenient DNA biodetection platforms. Hu et al. demonstrated the use of eRAFT polymerization to amplify electrochemical signals resulting from the sequence-specific recognition of target DNAs (Fig. 7A ). 68 Specifically, CPAD, a carboxylate-containing chain transfer agent, was localized on a gold surface, where target DNA was captured by immobilized PNA, and a subsequent 1.5 h eRAFT polymerization grafted electroactively labelled polymer (PFcMMA) in the presence of CPAD on the surface. In the eRAFT step, initiating radicals were generated from electroreduction of BrPhN 2 + at −0.3 V, which is far more positive than reduction peak potential (−1.0 V) of CPAD, to prevent irreversible cleavage of the weak C-S bond of the CTA via two-electron reduction that could generate anions instead of radicals ( Fig. 7B ). 67 The resulting polymers localized numerous electroactive ferrocene tags on the gold electrode surface, improving the sensitivity of electrochemical DNA detection. Under optimal conditions, a linear correlation between logarithmic DNA concentration and sensing signals ranged from 10 aM to 10 pM, and a detection limit of 4.1 aM was achieved. The detection limit is similar to that of the electrochemical DNA sensor based on thermally initiated RAFT polymerization, but eRAFT polymerization enables the sensors to be operated under mild temperatures, which could make them more practical in the field. The selective electroreduction of BrPhN 2 + allowed RAFT polymerization-based DNA detection under mild temperature, and eRAFT yielded improved sensitivity compared with eATRP, likely because of its metal-free nature. Nonetheless, the need for a long polymerization time (1.5 h) and deoxygenation could limit the use of eRAFT in future biosensing applications. The rate of RAFT polymerization strongly depends on the rate of radical generation. 69 Faster production of radicals may be achieved by applying more negative potentials, but the potential window could be too narrow to prevent electroreduction of CTAs. 67, 68 Moreover, the high reactivity of bromophenyl radicals (BrPh • ) causes electrografting of branched bromobenzenes on the electrode surface, which can decrease its conductivity and, thus, the rate of radical production under potentiostatic conditions. 67 Therefore, it would be helpful in reducing the polymerization time to use galvanostatic conditions for eRAFT and optimize the applied currents for more efficient initiation. Successful deoxygenation in eRAFT polymerizationbased biosensors may be the most crucial requirement for adoption. Currently, efforts have been made to find a good mediator that can be continuously reduced to reactive species at the electrode and then react with CTA to form propagating radicals. 70 We envision that more effective mediators will be identified and promote faster and more oxygen-tolerant eRAFT polymerization while completely avoiding the CTA decomposition.
Redox-initiated free radical polymerization
Enzyme-mediated free radical polymerization (EFRP)
Enzyme-mediated free radical polymerization (EFRP) is a chain growth polymerization that employs enzymes to catalyze redox initiation reactions (Fig. 8A ). 71 The enzymatic redox initiation is direct when oxidized (A ox ) or reduced enzymatic substrate (B red ) itself is initiating radicals (I • ). The indirect enzymatic redox initiation, on the other hand, requires additional redox reactions to generate radicals from oxidized (A ox ) or reduced enzymatic substrate (B red ). Commonly used enzymes for EFRP are oxidoreductases, which catalyze the electron transfer from one molecule to another, such as horseradish peroxidase (HRP) [72] [73] [74] and glucose oxidase. 75, 76 Among them, HRP has been the most widely used in EFRP because of its rapid radical production by reducing hydrogen peroxide while oxidizing a hydrogen-donating organic substrate in mild aqueous conditions. 71, 77 In many cases, glucose oxidase requires another redox initiation system such as Fenton chemistry because the enzyme uses oxygen as the oxidant to produce hydrogen peroxide, not radicals, but recently it has been confirmed that glucose oxidase can directly produce carbon-centered radicals by reducing N-hydroxy-5-norbornen-2,3-dicarboximide (HNDC). 78 Applications of EFRP to biodetection combine two signal amplification strategies to improve the sensitivity of biosensors. The methods employ the catalytic efficiency of enzymes to amplify the number of radicals and propagating chains per molecular recognition event. For example, Bowman and coworkers demonstrated the use of glucose oxidase as an indirect redox initiator for protein detection (Fig. 8B ). 79 Here, the enzymes selectively bound to the surface generated hydrogen peroxide from glucose and oxygen when they were contacted with an acrylate monomer solution including glucose, oxygen, Fe 2+ salts, and fluorescently labeled monomer. The hydrogen peroxide was subsequently converted to hydroxyl radical via Fenton chemistry. In the propagation step, the fluorescent monomer units copolymerized with hydroxyethyl acrylate (HEA) and PEGDA, resulting in fluorescently-labelled hydrogels that could be detected visually or using a fluorescence measurement. By using the oxygen-consuming enzyme as a label, polymerization could occur even in the presence of atmospheric oxygen after the concentration of dis-solved oxygen was reduced sufficiently by glucose oxidase. It is interesting to note that longer polymerization time provided lower detection limit without increasing non-specific signals. The authors pointed out that in contrast with other enzymatic amplification systems, EFRP-based biodetection is not challenged by false positive results even with longer amplification times. Because the amount of non-specifically bound enzymes is not enough to consume excess oxygen in the monomer solution on practical time scales, free radical quenching by oxygen totally inhibits the polymerization. Under optimal conditions including 4 h of polymerization time, authors demonstrated protein detection with transforming growth factor-beta (TGF-β) at concentrations >156 ng mL −1 (6.24 nM).
Given its ability for oxygen-tolerant radical polymerization, glucose oxidase has also been coupled with HRP for EFRPbased biodetection. Stevens and coworkers developed a new oxygen-tolerant colorimetric assay platform based on gold Free-radical polymerization is more subject to bimolecular termination than reversible-deactivation radical polymerization. (B) EFRP-based detection of protein. 79 Specifically bound glucose oxidase (GOx) catalyzes the production of hydrogen peroxide (H 2 O 2 ), which is converted to hydroxyl radicals by Fenton chemistry. The blue chains with red dots represent fluorophoreembedded polymer network generated by EFRP. (C) Gold nanoparticlebased aggregation assay integrated with EFRP. 80 Horseradish peroxidase (HRP) produces free radicals using H 2 O 2 and acetylacetone. The polymer (red chain with positive charges) induces aggregation of the negatively charged nanoparticles.
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nanoparticle aggregation triggered by EFRP in the presence of HRP (Fig. 8C ). 80 In this formulation, glucose oxidase consumed oxygen and produced hydrogen peroxide (H 2 O 2 ). Using this H 2 O 2 , HRP could oxidize acetylacetone and produce free radicals. When oxygen concentration decreased to sufficiently low level, polymerization of 3-aminopropyl methacrylamide could occur. The resultant polymers were positively charged, so the negatively charged nanoparticles were aggregated by electrostatic interactions between them, leading to change in color. The nanoparticle surface chemistry was designed to be tolerant to monomers at high concentration, but only be subject to aggregation by polymers as short as 27 monomer units. Under optimal conditions, the sensitivity for HRP detection was limited to single digit nanomolar concentration. The authors suggested that the low sensitivity was not because of the ability of HRP to generate radicals, but because of high background signals resulted from radical production in the absence of HRP. To test this hypothesis, they designed a reverse assay to detect catalase, which catalyzed decomposition of hydrogen peroxide. With catalase, hydrogen peroxide was consumed immediately after production by glucose oxidase, preventing polymerization and subsequent color change from the nanoparticle aggregation. This format permitted sensitive detection of catalase at low concentrations >3 pM. EFRP is a promising approach for enhancing sensitivity of biodetection via increasing the number of radicals based on enzymatic catalysis and propagation from each radical. Using oxygen-consuming enzymes as labels achieves oxygen-tolerant polymerization and prevents false-positive results because small amounts of non-specifically bound enzymes cannot consume all of oxygen in monomer solutions. Compared to other reversible-deactivation radical polymerization methods, free radicals are not covalently attached to immobilized biomolecules, so surface-initiated EFRP may have to include formation of cross-linked polymer network to prevent loss of polymers during rinsing process. A main challenge of EFRP-based biodetection is maintaining the stability of enzymes during storage and polymerization. In addition to a loss of enzyme activity during storage, monomers, substrates, or radicals may deactivate enzyme labels and reduce the efficiency of the method.
Redox-pair mediated free radical polymerization (RFRP)
Redox pair-mediated free radical polymerization (RFRP) is a chain growth polymerization where electron transfer reactions between redox pairs produce initiating radicals. Commonly used redox pairs for RFRP in aqueous media include inorganic oxidants-inorganic reductants such as persulfate-Ag + , peroxides-reducing agents such as hydrogen peroxide-Fe 2+ , and organic-inorganic redox pairs such as primary alcohol-Ce 4+ (Fig. 9A) . 81, 82 Among these types of pairs, the involvement of organic reducing agents is of growing interest in RFRP-based biodetection likely because of straightforward coupling of multiple organic redox-active groups to captured biomolecules.
Unlike enzyme labels, these organic functional groups usually undergo non-catalytic redox reactions, limiting the number of initiating radicals per molecular recognition event less than one if only one functional group is linked to a captured biomolecule. Therefore, many strategies for localizing multiple organic redox-active groups per binding event have been proposed. For example, Yang and coworkers used ATRP to selectively localize PHEMA upon protein binding or DNA hybridization on gold substrates. 83 The localized primary alcohol groups were used for redox initiation with Ce 4+ to graft poly(acrylamide) brushes from the PHEMA. The successive 4 h ATRP and 2 h RFRP with primary alcohol-Ce 4+ could generate visible polymer film in the presence of 0.2 nM of streptavidin or 5 nM target DNA with model half-sandwich assays where initiator-coupled target molecules were captured by immobilized binders. However, long ATRP reaction times and additional operation steps associated with the use of metal catalyst such as inert gas purging and rigorous rinsing could limit its use in the field. Thus, Yang and coworkers improved the system by replacing ATRP-based grafting of hydroxyl functional polymers with dual functional macroinitia- 84 Biotinylated high molecular weight chitosan (CS) is localized to binding region upon DNA hybridization, providing many primary alcohol groups for redox initiation with Ce 4+ . The blue chains represent polymers generated by RFRP. (C) RFRP-based detection of DNA with the ascorbic acid-H 2 O 2 redox pair. 85 Polymeric nanoparticles (red dot) localize ascorbic acids to the binding site to produce polymers (blue chains) by RFRP. tor approach. 84 In this approach, authors devised the use of chitosan, which is a linear polysaccharide densely decorated with primary alcohol groups, as a carrier for hydroxyl groups to target-bound region (Fig. 9B ). By coupling binding molecules such as biotin to the high molecular-weight chitosan, this approach became more advantageous than the previous ATRP method because it could readily localize to captured target molecules thousands of hydroxyl groups that can be subsequently used with Ce 4+ and monomers for 2 h RFRP. Using the same half-sandwich DNA hybridization assay format as described previously, this Ce 4+ /chitosan-based polymerization approach proved its lower visible detection limit (0.1 nM) than that (5 nM) of the previous successive ATRP-RFRP method. However, in full sandwich assay format, the visible detection limit slightly increased to 1 nM likely because dissociation of target DNA during incubation in following assay steps could reduce the overall binding efficiency of chitosan to captured target DNA.
To further enhance the sensitivity of RFRP-based DNA detection, Yang and coworkers employed biotinylated polymeric nanoparticles with the hydrophilic shell that was functionalized with organic reducing agents, ascorbic acid, which could pair up with hydrogen peroxide for redox reactions (Fig. 9C ). 85 The carrier of ascorbic acid could be localized to captured target by successive streptavidin-biotin interactions, significantly increasing the number of reducing agents per binding event. Then, the immobilized ascorbic acid was incubated with monomer solution containing HEA, PEGDA, glucose, and glucose oxidase for 40 minutes, during which hydrogen peroxide generated by glucose oxidase was reduced by the ascorbic acid, producing hydroxyl radicals. The initiating radicals were not covalently linked to the binding surface, so PEGDA was required to create cross-linked hydrogels that could remain attached to the surface after rinsing. Under optimal conditions, visible detection limit of target DNA in full sandwich assay format improved to 5 pM, indicating 200-fold enhancement in detection limit. This drastic improvement can be attributed to many factors. First, the amount of organic reducing agents per binding event can significantly increase by using the polymeric nanoparticle as a carrier for ascorbic acid. Second, the hydrogen peroxide-ascorbic acid pair does not participate in self-termination of propagating radicals as the Ce 4+ -primary alcohol pair does. 81 Third, gluconic acid generated by glucose oxidase can reduce the solution pH, which enhances the kinetics of redox reactions and HEA polymerization. 85 
Photo-initiated free radical polymerization
UV-initiated free radical polymerization (UV-initiated FRP)
Ultraviolet light-initiated free radical polymerization (UVinitiated FRP) is a chain growth polymerization initiated by photochemical reactions under ultraviolet light. The gene-ration of radicals from photoexcited initiators occurs in two pathways: cleavage (type I) and hydrogen abstraction (type II) ( Fig. 10A ). 86 The type I photoinitiators are often substituted aromatic carbonyl compounds such as benzoin, which undergo homolytic α-cleavage under UV light. The cleavage reaction is unimolecular and fast, so bimolecular quenching by monomers or oxygen is negligible. In type II photoinitiation, on the other hand, an aromatic ketone such as benzophenone generates radicals through bimolecular hydrogen abstraction, so the process is not only slower, but also less efficient than the type I photoinitiation because bimolecular quenching of the excited photoinitiators can decrease the quantum yield. The initiating radicals from these processes react with vinyl monomers in solution, initiating polymerization. Since rapid response and high sensitivity are important design objectives in biodetection, a type I photoinitiator can be more suitable to be used in biodetection with UV-initiated FRP.
As a proof-of-concept study, Bowman and coworkers demonstrated a biodetection platform based on UV-initiated FRP (Fig. 10B ). 33 In this first demonstration, Irgacure 2959, a water-soluble type I photoinitiator, and neutravidin as a binding protein were coupled to poly(acrylic acid-co-acrylamide) to make dual functional macrophotoinitiators, which allowed localization of more than 100 initiators per molecular recognition event. To this photoinitiator-functionalized surface, was added argon-purged monomer solution including 97 wt% HEA and 3 wt% ethyleneglycol dimethacrylate (EGDMA), both of which were inhibitor-free, and the monomer solution was irradiated with 5 mW cm −2 , 365 nm light. A ten-minute irradiation created visible polymer films from spots with one thousand (10 zmol) biotinylated oligonucleotides. One advantage of this technique is that false positive signals can be reduced by adjusting irradiation time. From a practical standpoint, non-specific binding can always occur with more complex samples or binding pairs with lower specificity and affinity than biotin-neutravidin pair, so it is crucial to suppress the signals generated by non-specific binding. In UV-initiated FRP, non-specific binding signals can be eliminated by controlling the irradiation time, reducing false positive results.
Expanding the proof-of-concept study, the authors also tested the applicability of the UV-initiated FRP-based biodetection in clinically relevant flu tests, in which influenza viruses from crude lysates were subtyped. 87 In this work, either antiinfluenza A or anti-influenza B monoclonal antibodies were conjugated to the macrophotoinitiators instead of neutravidin. Thus, the macrophotoinitiators could be localized to a positive control zone and to specific binding regions, one for Flu A and another for Flu B, depending on the types of influenza viruses in each sample. Using the same monomer solution and irradiation conditions as used in the previous study except for irradiation time (12 minutes), visible polymer films were created on the zones with macrophotoinitiators, achieving the same limit of detection as enzyme-based amplification used in the commercial flu tests.
While the UV-initiated FRP-based biodetection provided rapid and unambiguous response with high sensitivity in the proof-of-concept study, several problems have limited its further development and practical use in the field. First, it requires oxygen-and inhibitor-free environment to achieve sensitive biodetection. Although more than 100 photoinitiators can be coupled to one molecular recognition event by using the macrophotoinitiator, oxygen and other inhibitors can readily scavenge propagating radicals, significantly reducing degree of polymerization and consequently increasing detection limit. Second, resultant hydrogels are not stable enough to remain intact upon rinsing and post processing, thus limiting its analysis to qualitative visual inspection. 88 The weak mechanical strength of the hydrogels was attributed to small amount (3 wt%) of cross-linker in monomer solution. The small diacrylate monomer fraction was inevitable to minimize non-specific polymerization because the diacrylate monomer could result in hydrogel under UV light even without macrophotoinitiators on test zone. 89 Third, the use of toxic monomers could also limit the use of UV-initiated FRP for biodetection. Less toxic monomers such as PEG acrylates cannot be used because they are subject to faster non-specific polymerization under UV light. 89 
Vis-initiated free radical polymerization (Vis-initiated FRP)
Visible light-initiated free radical polymerization (Vis-initiated FRP) is a chain growth polymerization that initiated by visible light-induced photochemical reactions. The majority of visible light photoinitiators are type II photoinitiators, which undergo bimolecular reactions to produce radicals instead of unimolecular reactions, because the energy of visible light is not high enough to induce homolytic bond cleavage as with type I photoinitiation under UV light. Because two-component type II photoinitiation ( photoinitiator and electron/hydrogen donor) are less efficient than type I photoinitiation owing to slower kinetics and side reactions, 90 another component (electron acceptor) is added to produce additional radicals and improve the quantum yield of initiation. In the three-component systems, some photoinitiators such as xanthene dyes can be regenerated in the catalytic cycle 91 and behave as photoredox catalysts, allowing rapid free radical polymerization with a low amount of the catalysts and low intensity of light. Thus, photoredox catalysis is suitable for biodetection with Visinitiated FRP because the systems can generate multiple radicals per photoredox catalyst using inexpensive LEDs as light sources.
In Vis-initiated FRP-based biodetection, eosin Y has been used as a preferred photoredox catalyst among other xanthene dyes because its high radical quantum yield 92 and easy conjugation to binding molecules 88 renders it feasible to be used as a very efficient signal tag. Moreover, eosin Y with tertiary amine such as triethanolamine (TEOA) can eliminate oxygen and other inhibitors in aqueous monomer solution via photoredox catalysis, 91 which enables Vis-initiated FRP to occur with inhibitor-stabilized PEGDA and N-vinylpyrrolidone (NVP) under atmospheric reaction conditions. As demonstrated in Fig. 11A , the proposed mechanism for the photoredox catalysis begins with a single-electron transfer from TEOA to triplet state of eosin Y under green light. 93 Energy transfer to oxygen could occur, but, in conventional monomer solutions, initial concentration of TEOA is approximately three orders-of-magnitude higher than that of dissolved oxygen, so the oxidation of TEOA is the most favorable route. 93 The produced TEOA and eosin Y radicals can quantitatively reduce oxygen to superoxide 94, 95 and regenerate ground state of eosin Y, completing the photocatalytic cycle. When oxygen concentration decreases to a sufficiently low level, the newly generated TEOA radicals can finally initiate free radical polymerization.
While the eosin Y-based initiation system has high oxygenand inhibitor-tolerance, the concentration of eosin Y in a monomer solution should be at least sub-micromolar to mitigate oxygen inhibition in the presence of atmospheric oxygen. In the early stage of Vis-initiated FRP-based biodetection developed by Bowman and coworkers, 88, [96] [97] [98] an inert atmosphere to prevent continuous oxygen diffusion into monomer solution was required for polymerization because the photoinitiation only occurred near the binding region where eosin Y-conjugated probes were immobilized on functionalized glass microscope slides by specific interactions. The amount of eosin Y coupled to molecular recognition events, in these methods, was too small compared to that of dissolved oxygen in monomer solution exposed to air, so oxygen inhibition could not be overcome. The first air-tolerant and rapid
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Polymer Chemistry (<5 minutes) Vis-initiated FRP-based biodetection was demonstrated by Kuck and coworker although compositions of the monomer solutions were not specified. 99 Later Sikes and coworker systematically examined the addition of sub-micromolar concentrations of free eosin Y to monomer solutions to solve the oxygen inhibition problem in atmospheric reaction conditions. 100 Variation of the concentrations of free eosin Y in aqueous monomer solutions containing 200 mM PEGDA, 150 mM TEOA, and 100 mM NVP revealed that including 0.3-0.7 μM eosin Y in the monomer solutions could lead to rapid consumption (35-100 s) of dissolved oxygen through photoredox catalysis, followed by hydrogel formation if interfacial binding events had occurred. The hydrogels indicative of binding events at arrays printed on microscope slides could be visualized by eosin Y staining, so very high-contrast results could be obtained while not compromising the assay sensitivity 99,100 compared to the same format with inert gas purging. 88 The free eosin Y included in the monomer solutions could result in non-specific polymerization with excessive irradiation, but appropriate irradiation time could always be determined to limit the hydrogel formation to biodetection. Vis-initiated FRP-based biodetection has been adapted in paper-based colorimetric tests to address limitations of other existing enzyme-and nanoparticle-based methods such as long color development time (20-30 minutes) , false positive results, and low visual contrast. Sikes and coworkers demonstrated the integration of the rapid and oxygen-tolerant Visinitiated FRP with a paper-based immunoassay to enhance visual contrast between negative and positive results ( Fig. 11B ). 101 In this method, sandwich immunoassay for detection of Plasmodium falciparum histidine-rich protein 2 (PfHRP2) localized eosin Y on specific binding region using eosin Y-conjugated reporter antibody. Phenolphthaleinincluded monomer solution was used to create colored hydrogel in the presence of the antigen in samples instead of using eosin Y staining after hydrogel formation. Because eosin Y stains paper even in the absence of a hydrogel, post-polymerization staining could not be used to distinguish positive from negative results. The pH of the phenolphthalein-included monomer solution was maintained below 8 to make phenolphthalein present in its colorless form and prevent its competition with eosin Y for absorption of green light. After Visinitiated FRP, the phenolphthalein entrapped in a polymer network turned pink immediately when 0.5 M NaOH solution was added to the surface. In addition to this immediate color development, accurate time-keeping before and after polymerization is not required to obtain optimal signals as opposed to other enzymatic and nanoparticle-based colorimetric methods, which can significantly reduce the possibility of false positive results. 102 Under optimal conditions including 90 seconds of irradiation time, 7.2 nM of PfHRP2 could be detected by the naked eye using Vis-initiated FRP. 101 The same method was also used to detect biomarkers for periodontal disease, matrix metalloproteinase-8 (MMP-8) and -9 (MMP-9), achieving detection limit of 15.4 nM and 5.0 nM, respectively. 103 The formation of phenolphthalein-entrapped hydrogels could realize rapid and selective staining on paper-based immunoassays. However, the phenolphthalein-leaching from the hydrogel occurred while washing away unreacted monomer solution, causing the colorimetric results to depend on rinsing and storing time in alkaline solution before analysis. This limitation has been addressed by covalently linking phenolphthalein to the polymer network. Sikes and coworker replaced phenolphthalein in the monomer solution with phe- Fig. 11 Biodetection with visible light-initiated free radical polymerization (Vis-initiated FRP). (A) Schematic description of photocatalytic initiation mechanism with eosin Y and triethanolamine (TEOA). (B) Detection of protein with Vis-initiated FRP. 101 Eosin Y is localized to binding region upon the formation of sandwich immunocomplexes. Resultant hydrogel (blue chains) from Vis-initiated FRP entraps colorless phenolphthalein, which can immediately turn into pink upon addition of NaOH solution. (C) The use of eosin Y-loaded liposome (orange core and green shell) to enhance the sensitivity of biodetection with Visinitiated FRP. 108 The blue chains represent hydrogel produced by Visinitiated FRP.
nolphthalein monomer (N-(2-hydroxy-5-(1-(4-hydroxyphenyl)-3oxo-1,3-dihydroisobenzofuran-1-yl)-benzyl)acrylamide) to form phenolphthalein-conjugated hydrogel. 104 In the same PfHRP2 immunoassay format, the hydrogel generated from 65 nM or more antigen successfully maintained its pink color in alkaline solution even after several drying and rehydration cycles, but hydrogels produced from smaller concentrations (13 and 26 nM) of antigen could not remain pink because not many phenolphthalein monomers could participate in the copolymerization. The main reason for this limitation is insolubility of the phenolphthalein monomer. Therefore, efforts should be made to synthesize more water-soluble phenolphthalein monomer or other dye-conjugated monomers that can be visualized by physical or chemical stimuli.
Another limitation of Vis-initiated FRP-based biodetection is insufficient detection limit (∼nM) for early diagnosis of many diseases. Eosin Y-based macrophotoinitiators have been employed to localize a greater amount of eosin Y to specific binding region as demonstrated in other biodetection systems. [31] [32] [33] 105 However, poor solubility 106 and fluorescence self-quenching 107 of the eosin Y-based macrophotoinitiators increased non-specific binding signals and decreased the radical quantum yield, reducing the benefits of this approach.
To address these problems, Sikes and coworker demonstrated the use of liposomes as eosin Y-carrier ( Fig. 11C ). 108 In this approach, concentrated eosin Y was loaded in biotinylated liposomes to be delivered to specific binding region where streptavidin was immobilized through molecular recognition. When the monomer solution was added to the liposomebound cellulose surface, one liposome could release thousands of encapsulated eosin Y, contributing to rapid photoredox catalysis. The incorporation of liposomes improved the sensitivity by 30-fold and the detection limit by 3-fold compared to conventional method. Both the sensitivity and the detection limit were not improved as much as expected with the number of eosin Y released from one liposome, which could be because of amplified background noise. Non-specific interactions between the liposomes and biofunctionalized paper might also contribute to amplifying background noise, reducing the signal-to-noise ratio of the method. Thus, it would be a promising future direction to design eosin Y-carriers that are not subject to non-specific interactions with paper to further enhance the sensitivity of biodetection based on Vis-initiated FRP.
Comparison of polymerizationbased biodetection methods and future goals
Various radical polymerization chemistries, including ATRP, RAFT polymerization, redox-initiated free radical polymerization, and photo-initiated free radical polymerization, have been employed to amplify biodetection signals. As summarized above, each polymerization-based biodetection has different characteristics that could affect cost, operation conditions, user-friendliness, signal amplification time, and performance, all of which are essential considerations for developing practical biodetection platforms. Thus, comparison of all polymerization-based biodetection methods in terms of the considerations should be a useful guide for both development of new polymerization chemistries for biodetection and incorporation of them into biodetection platforms. Readers might expect to see which one is the best among all polymerization methods, but that is very difficult because the methods have not been compared in the same biodetection system and different applications may weigh the importance of each criterion differently. Rather than selecting the best method to date, the purpose of this comparison is to assess the state of the field and suggest future directions to realize practical polymerization-based biosensors for point-of-care diagnostics. In this context, we hope to draw attention to the present capabilities and the future development needs of polymerizationbased biodetection.
Signal amplification methods for point-of-care diagnostics should be free of laboratory equipment and inert gas purging for portability and user-friendliness of diagnostic tests. However, most of the current polymerization-based biodetection methods in literature do not meet these criteria. As presented in Fig. 12 , electricity-powered LED arrays, electrochemical cells, and hot plates or temperature controllers have been required for rapid and controlled initiation of photoinitiated FRP, electrochemically mediated ATRP and RAFT, Table S2 in ESI. † thermally initiated RAFT and biocatalytic precipitation ATRP. Inert gas purging and sealed reactors should be employed for RAFT polymerization, normal ATRP, Fluorogenic ATRP, and RFRP without glucose oxidase. For polymerization methods with limited oxygen tolerance such as eATRP, AGET ATRP, and biocatalytic precipitation ATRP, oxygen diffusion from atmosphere needs to be prevented by using sealed reactors. EFRP and RFRP are only the two examples with no demand for equipment and sealed reactors, and both methods overcome oxygen inhibition with glucose oxidase and generate free radicals via redox initiations.
In the future, polymerization-based biodetection should be able to stop relying on sophisticated equipment and inert gas purging. Recently, miniaturized devices to replace lab equipment are being developed, which could potentially replace electricity-powered LED arrays, electrochemical cells, and hot plates or temperature controllers with portable, batterypowered or smartphone-based devices. [109] [110] [111] [112] Thus, initiation processes with external stimuli such as light, voltage or current, and heat can maintain their practicality. The polymerization methods requiring inert gas purging may be excluded from practical applications, but the demands for sealed reactors as in oxygen-tolerant ATRP methods could be resolved with simple methods such as plastic sealing bags or sealing tapes.
Even if a diagnostic test is portable and user-friendly, an hour-long signal amplification time or high limit of detection compared to clinically relevant levels of target molecules can be a major drawback that precludes use. A trade-off between amplification time and detection limit exists in each polymerization-based biodetection method, so plotting these two values of each approach could be useful to compare different approaches and draw future directions. As shown in Fig. 13 , the amplification time ranges from 10 2 seconds to 10 5 seconds depending on polymer chemistry in each method. Among these methods, Vis-initiated FRP is the fastest because of its rapid initiation and propagation steps. The rapid initiation is attributed to inclusion of sub-micromolar eosin Y in monomer solution, leading to rapid consumption of dissolved oxygen through photoredox catalysis. Moreover, free radical propagation rapidly forms hydrogels near interfaces where specific binding events have concentrated reagents coupled to eosin Y. Other free radicals methods such as RFRP show faster propagation kinetics than reversible-deactivation polymerization, but their initiation kinetics are slower than that of Visinitiated FRP, so their amplification time is not as short as Visinitiated FRP. Amplification time of reversible-deactivation radical polymerization-based biodetection is at least 30 minutes unless macroinitiator increases the amount of initiators per specific binding event. Except for the method coupled with silver nanoparticles, 44 electrochemically mediated ATRP achieves faster amplification than other reversible-deactivation radical polymerizations because the ratio of the amount of activators to the amount of deactivators can be precisely controlled and the activators are electrostatically localized to the electrode surface. 41 In general, the amplification time could be reduced, but reducing the time would increase the limit of detection. In some cases, post-modification time is much longer than actual polymerization time as in AGET ATRP-based electrochemical biodetection, 34, 35, 38 where electroactive molecules are coupled to the generated polymer. Recent advances [41] [42] [43] 63, 64, 68 demonstrate the use of electroactive monomers such as FMMA to reduce the amplification time.
The limit of detection spans 12 orders of magnitude (Fig. 13) . The values are not specific to polymer chemistry in each method, but affected by many other factors such as analyte, detection methods, and rinsing solvent/buffer (Table S1 †). Each analyte is specific to certain binders whose equilibrium dissociation constants (K d ) are varied, so the capture efficiencies of target molecules can be significantly different. The sensitivity of detection methods would also contribute to a considerable difference in limit of detection. Two extreme cases are visual detection and electrochemical detection ( Fig. S1 †) . The former one uses the naked eye to detect visible polymer film, which is suitable for diagnostic tests in resource-limited settings. 101, 113 This instrument-free detection , under which the amplification time and limit of detection of biosensors are not achieved yet, but potentially more practical. This plot considers only sandwich DNA or protein binding assays where target molecules are immobilized between capture binders and detection binders, which excludes half-sandwich assays. As an exception, solution-phase assays of hemozoin and hemoglobin (biocatalytic ATRP) are included. Amplification time includes time for inert gas purging if required, polymerization, and coupling signaling molecules. Rinsing time before and after polymerization is not considered. Extracted from Table S1 in ESI. †
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This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. includes all dots with the limit of detection higher than 1 nM. The latter one employs electrochemical methods to observe changes in the presence of electroactive polymer grafting, which includes all dots with the limit of detection lower than 1 fM. Using sensitive detectors such as electrochemical workstations can enhance the limit of detection, but the portability and user-friendliness of biosensors would be damaged.
Recently, smartphone-based electrochemical detection is in development. 111 The sensitivity of the portable devices is not comparable to the bench-top equipment yet, but this approach has a great potential to realize sensitive portable biosensors. In most papers, organic solvents were used for rinsing biodetection zones to remove unreacted monomers and minimize background signals, which could lower the limit of detection ( Fig. S2 †) . Organic solvents such as alcohols, acetone, DMSO, and DMF should be better than aqueous buffer solutions for washing away hydrophobic monomers and signaling molecules adsorbed non-specifically. However, the use of organic solvents is limited in point-of-care diagnostic tests because of their difficult handling and toxicity. As discussed above, the amplification time and the limit of detection of polymerization-based biodetection depend on various factors such as the nature of polymerization, postmodification reactions, binding affinity (K d ) of target-binder interactions, detection methods, and rinsing solvent/buffer. Thus, the unexplored yet potentially more practical amplification time and limit of detection for point-of-diagnostic tests (under the red line in Fig. 13 ) can be achieved by considering those factors. To reduce the amplification time, it would be helpful to enhance kinetics of polymerization and minimize post-modification of grafted polymers. Employing high affinity binders for target molecules and incorporating sensitive, affordable, and portable detectors in biosensors would be promising future directions to lower the limit of detection. Although organic rinsing solutions are more effective than aqueous solutions to improve limit of detection, it should be avoided to use organic solvents for user-friendliness of biosensors.
Conclusion
This review has summarized diverse radical polymerization chemistries for amplifying biodetection signals and compared them from the practical point of view. Combining various initiation reactions and functional monomers, polymerizationbased biodetection has been coupled with different operation conditions and detection methods. Recent advances have demonstrated either short amplification time (<100 s) or ultralow limit of detection (∼aM), but none of the current polymerization methods have achieved both rapid and ultrasensitive biodetection while not compromising its portability and userfriendliness. Many opportunities exist to combine relative merits of the polymerization methods and address their limitations for developing more practical biodetection platforms. Given that biosensors consist of many components such as sample preparation, molecular recognition, signal amplification, and signal analysis, interdisciplinary research efforts are strongly encouraged to develop real-world applications of polymerization-based biodetection.
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